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Current	
  Nuclear	
  Gamma-­‐Ray	
  Line	
  Telescopes	
  	
  

INTEGRAL	
  
2002-­‐(2019+..2029)	
  
ESA	
  
high	
  E	
  resoluVon	
  
Ge	
  detectors	
  
15-­‐8000	
  keV	
  

NuSTAR	
  (<80	
  keV!)	
  
2012-­‐(2020+)	
  …	
  	
  
NASA	
  
hard	
  X	
  ray	
  
imaging	
  <80	
  keV	
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MeV	
  Range	
  Gamma-­‐Ray	
  Telescope	
  Principles	
  

•  Simple	
  Detector	
  (&	
  Collimator)	
  
(e.g.	
  HEAO-­‐C,	
  SMM,	
  CGRO-­‐OSSE)	
  
SpaVal	
  ResoluVon	
  (=Aperture)	
  Defined	
  Through	
  Shield	
  

l Coded Mask & Detector Array  
(e.g. SIGMA, INTEGRAL, SWIFT) 
Spatial Resolution Defined by Mask & Detector Elements Sizes 

l Compton Telescopes  
(Coincidence-Setup of  
Position-Sensitive Detectors) 
(e.g. CGRO-COMPTEL, GRIPS, ACT, ASTROGAM...) 
Spatial Resolution Defined by Detectors’ Spatial Resolution 

Achievable Sensitivity: ~10-5 ph cm-2 s-1, Angular Resolution ~ deg 
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Gamma-­‐Ray	
  Astronomical	
  Telescopes:	
  
InteracVon	
  of	
  high-­‐energy	
  photons	
  with	
  macer	
  

Photon interaction with matter (Pb) 

à Secondary Particles     …    à e.m. cascade 

Seconday photons / electrons 
à multi-element & tracking  
    detector assemblies 
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Measure	
  Compton	
  scacering	
  and	
  pair	
  processes	
  

¶ Measure	
  all	
  interacVons	
  that	
  derive	
  from	
  an	
  incident	
  photon	
  
F Improvement	
  as	
  DirecVon	
  
(momentum)	
  of	
  secondary	
  
electron	
  is	
  measured	
  	
  
in	
  a	
  tracker	
  

¶ ‘event	
  circle’	
  skymaps:	
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Analysing	
  COMPTEL	
  Data	
  
•  Poissonian	
  StaVsVcs	
  of	
  Event	
  Measurements	
  

¶  Incorporate	
  expected	
  staVsVcal	
  fluctuaVons	
  
•  AmbiguiVes	
  for	
  any	
  E1,	
  E2,	
  X1,	
  X2	
  set:	
  	
  

different	
  photon	
  origins	
  
¶  Incorporate	
  degeneracy	
  of	
  instrumental	
  response	
  

à IteraVve	
  methods	
  of	
  improving	
  a	
  forward-­‐folded	
  model	
  for	
  data	
  
•  StaVsVcal	
  de-­‐convoluVon,	
  or	
  model	
  fijng:	
  

¶ Likelihood	
  of	
  observing	
  measured	
  data,	
  given	
  a	
  model	
  
¶ Discrepancy	
  with	
  real	
  measurement	
  used	
  to	
  improve	
  model	
  parameters	
  
¶  Improve	
  model	
  unVl	
  “best	
  fit”	
  achieved	
  	
  /	
  	
  select	
  best-­‐fijng	
  model	
  

•  DeconvoluVon	
  results	
  depend	
  on	
  model	
  and	
  fit/convergence	
  method	
  
¶ Maximum	
  Likelihood	
  
¶ Maximum	
  Entropy	
  
¶ …	
  

  χ   Φ 

  φc 

viewing	
  direcVon	
  
of	
  point	
  sources	
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Photon	
  Measurements	
  with	
  a	
  ‘coded	
  mask’:	
  The	
  SPI	
  Ge	
  γ-­‐Spectrometer	
  

On	
  INTEGRAL	
  Spacecran	
  of	
  ESA	
  (2002)	
  	
  
Energy	
  Range	
  15-­‐8000	
  keV	
  
Energy	
  ResoluVon	
  ~2.2	
  keV	
  @	
  662	
  keV	
  
SpaVal	
  Precision	
  2.6o	
  /	
  ~2	
  arcmin	
  
Field-­‐of-­‐View	
  16x16o	
  

Coded	
  Mask	
  Telescope:	
  
CasVng	
  a	
  Shadow	
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ESA’s	
  INTEGRAL	
  Mission	
  
•  Excentric	
  3-­‐day	
  orbit	
  well	
  above	
  radiaVon	
  belts	
  à	
  stable	
  bgd	
  
•  Launched	
  2002	
  for	
  3+2	
  years;	
  extended	
  aner	
  ESA	
  bi-­‐annual	
  reviews;	
  de-­‐orbit	
  in	
  2029	
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A	
  Sky	
  Survey	
  with	
  INTEGRAL	
  
¶ “Dither	
  Pacerns”	
  Scacered	
  over	
  the	
  Sky	
  

full	
  sky	
   inner	
  Galaxy	
  
F Example	
  from	
  late	
  2004	
  

Status	
  Rev	
  930	
  May	
  2010	
  

Sky	
  Exposure:	
  	
  
Our	
  Galaxy,	
  +...	
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Energy	
  Spectra:	
  CharacterisVc	
  Examples	
  

15269 * 19 spectra 
orbits 28-358, ~1000d 

1 detector, 
1 pointing 
(to be fitted!) 

¶ Data	
  dominated	
  by	
  	
  
instrumental	
  background	
  (CR’s)	
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The	
  Challenge	
  of	
  Finding	
  SN2014J	
  Gamma-­‐Rays	
  
¶ Current	
  Gamma-­‐Ray	
  Telescopes	
  Have	
  Large	
  Intrinsic	
  Background	
  

F Cosmic	
  Ray	
  AcVvaVon	
  of	
  Spacecran	
  and	
  Instrument	
  

expected signal from SN2014J 

typical background intensity 

from Churazov et al., 2014 
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The	
  variety	
  of	
  astronomies	
  

8	
   12	
   16	
   20	
   24	
   28	
  	
  	
  	
  [log	
  n,	
  Hz]	
  

-­‐6	
   -­‐2	
   2	
   6	
   10	
   14	
  	
  [log	
  E,	
  eV]	
  

0	
   -­‐4	
   -­‐8	
   -­‐12	
   -­‐16	
   -­‐20	
  	
  	
  	
  [log	
  l,	
  m]	
  

Radio	
  
sub-­‐mm	
   FIR	
  

IR	
  
NIR	
  

opt	
   UV	
   X-­‐rays	
   γ-­‐rays	
  (space)	
   γ-­‐rays	
  (ground)	
  

electrons	
  
(mag.field)	
  

electrons+-­‐,	
  nucleons,	
  pions,	
  IC...	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ν’s	
  
atomic	
  
nuclei	
  atoms	
  molecules,	
  

dust	
  

non-­‐thermal	
  /	
  	
  
	
  	
  	
  	
  	
  	
  	
  thermal	
  	
  	
  thermal	
  	
  

emission	
  non-­‐thermal	
  emission	
  

ba
nd

	
  
so
ur
ce
	
  

ty
pe

	
  

gravity	
  bulk	
  
	
  	
  	
  	
  

Gr
av
.W

av
es
	
  

As
te
ro
-­‐	
  

Se
ism

ol
og
y	
  

N
eu

tr
in
os
	
  

Co
sm

ic
	
  ra

ys
	
  

Pr
es
ol
ar
	
  d
us
t	
  	
  

parVcles	
  

waves	
  

electromagneVc	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  emission	
  

dust	
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The	
  variety	
  of	
  astrophysics	
  
here:	
  
	
  

	
  stellar	
  	
  
	
  explosions	
  

	
  
cosmic	
  	
  
macer	
  cycle	
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Nuclear	
  Gamma-­‐Ray	
  Lines	
  

	
  RadioacVve	
  trace	
  isotopes	
  are	
  by-­‐products	
  of	
  	
  nucleosynthesis	
  	
  
	
  For	
  gamma-­‐ray	
  detecVons	
  we	
  need:	
  

F Decay	
  Time	
  >	
  Source	
  DiluVon	
  Time	
  (~weeks)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (à	
  no	
  <	
  days	
  lifeVmes)	
  
F Yields	
  >	
  Instrumental	
  SensiVviVes	
  (10-­‐5	
  ph	
  cm-­‐2	
  s-­‐1)	
  	
  	
  	
  (à	
  no	
  elements	
  >	
  Fe)	
  

Isotope' Mean'
Lifetime'

Decay'Chain' γ '4Ray'Energy'(keV)'

7Be$ $$77$d$ 7Be$→$7Li*$ 478$
56Ni$ 111$d$ 56Ni$→$56Co*$→56Fe*+e+$ 158,$812;$847,$1238$

57Ni$ 390$d$ 57Co→$57Fe*$ 122$
22Na$ 3.8$y$ 22Na$→$22Ne*$+$e+$ $$$$$$$$$$$$$1275$
44Ti$ 85$y$ 44Ti→44Sc*→44Ca*+e+$ 78,$68;$1157$
26Al$ 1.04$106y$ 26Al$→$26Mg*$+$e+$ 1809$
60Fe$ 3.8$106y$ 60Fe$→$60Co*$→$60Ni*$ 59,$1173,$1332$

e+$ ….$105y$ e++eD$→$Ps$$→$γγ..$ 511,$<511$
$

individual	
  
object/event	
  

cumulaVve	
  
from	
  many	
  
events	
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RadioacVve	
  Tracer	
  of	
  Nucleosynthesis	
  

26Al 26Mg 
m 0.228 MeV  (τ ~ 4 108K) 

   γ 
2.938 MeV 
( 0.3 % )* 

e- - capture 
β+  - decay 
  ( 97.3 % ) 

e- - capture 
  (  2.7 % ) 

β+  - decay 
  ( 100 % ) 

   γ 
1.130 MeV  ( 2.4 % )* 

   γ 
1.809 MeV  ( 99.7 % )* 

τ = 9.15 s 
τ = 1.04 106 y 

2+ 

2+ 

0+ 

0+ 
5+ 

p      n 

γ

Al	
  

Mg	
  

Mg	
  

Cosmic 
Nucleosynthesis 

Source 

Weak 
Decay 

De-Excitation 
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Inner Galaxy 

Cygnus 

Orion 

Vela 

Sco-Cen 

26Al	
  in	
  our	
  Galaxy:	
  γ-­‐ray	
  Image	
  and	
  Spectrum	
  

Massive-­‐Star	
  Nucleosynthesis	
  	
  
in	
  the	
  Current	
  Galaxy:	
  

Current	
  Enrichment	
  (~My)	
  from	
  	
  26Al	
  γ-­‐rays	
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Using	
  the	
  26Al	
  Line	
  to	
  Characterize	
  the	
  Galaxy’s	
  SN	
  AcVvity	
  

Ø  26Al	
  Mass	
  in	
  Galaxy	
  =	
  2.0	
  (±0.3)	
  M¤	
  

	
  

ü cc-­‐SN	
  Rate	
  =	
  1.3	
  (±	
  0.6)	
  per	
  Century	
  

	
  

ü  Star	
  FormaVon	
  Rate	
  =	
  2.8	
  M¤/yr	
  

	
  

à Diehl et al., Nature 2006 
à Diehl et al., A&A 2010* 
à Diehl et al., in prep. (2019)* Measured	
  Gamma-­‐Ray	
  Flux*	
  

Galaxy	
  Geometry	
  
	
  
	
  
	
  
	
  
26Al	
  Yields	
  per	
  Star	
  
Stellar	
  Mass	
  DistribuVon	
  
	
  
	
  
	
  
	
  
	
  

Core-Collapse Supernova Rates
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Roland Diehl, Oct 2005

*) better account for foreground emission 

IMF-­‐avg	
  2.7	
  10-­‐5	
  M¤	
  Sukhbold+2016	
  
IMF-­‐avg	
  3.6	
  10-­‐5	
  M¤	
  Sukhbold+2016	
  

M.	
  Plein5nger	
  &	
  RD	
  2018	
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Energy	
  Spectra:	
  CharacterisVc	
  Examples	
  

15269 * 19 spectra 
orbits 28-358, ~1000d 

1 detector, 
1 pointing 
(to be fitted!) 

¶ How	
  are	
  those	
  data	
  
analyzed?	
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IdenVficaVon	
  of	
  Background	
  Lines	
  

1.  Detailed	
  Spectral	
  Fit	
  with	
  Instrumental	
  Response	
  -­‐>	
  Line	
  Components	
  
2.  Isotope	
  IdenVficaVon	
  per	
  Line	
  

(Gamma-­‐Ray	
  Line	
  Lists	
  from	
  ‘Table-­‐of-­‐Isotopes’	
  References	
  

Cyg Obs Rev11 

Fe/Ni/Cu Spallation->56Mn(b-)56Fe (2.6h) 

Be Spallation->7Be(EC)7Li (53d) 

Calibrated line energy (keV) 

… two examples… 
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SPI	
  instrumental	
  background	
  lines:	
  remarks	
  
•  Lines	
  show	
  a	
  characterisVc	
  intensity	
  pacern	
  in	
  SPI	
  Ge	
  camera	
  

20	
  

Bi	
  

Ge	
  

511	
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SPI	
  instrumental	
  background	
  lines:	
  remarks	
  
Intensity	
  pacerns	
  in	
  camera	
  are	
  very	
  stable	
  over	
  longer	
  Vmes:	
  

	
  the	
  physical	
  
	
  process	
  
	
  (origin)	
  
	
  remains	
  
	
  the	
  same	
  

21	
  

Ge	
  
several	
  months	
   one	
  detector,	
  each	
  orbit	
  

one	
  orbit	
   one	
  detector,	
  each	
  poinVng	
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SPI	
  Ge	
  detector	
  spectra	
  

22	
  

Modelled/understood	
  at	
  high	
  precision	
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DiscriminaVng	
  Background	
  and	
  Sky	
  Signals	
  

•  Tracking	
  the	
  relaVve	
  count	
  rate	
  raVos	
  among	
  detectors	
  

Coded	
  Mask	
  Telescope:	
  
CasVng	
  a	
  Shadow	
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Gamma	
  ray	
  spectroscopy	
  with	
  SPI	
  

…it	
  works!	
  
¶ 26Al	
  line	
  1808.6	
  keV	
  
¶ instrumental	
  lines	
  

F 1810	
  keV	
  (!!)	
  
F 1779	
  keV	
  
F 1764	
  keV	
  

¶ …also:	
  SN	
  56Ni,	
  44Ti	
  	
  
1760 1780 1800 1820 1840
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1760 1780 1800 1820 1840
Energy [keV]
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0−

4  p
h 

cm
−2

 s
−1

 (0
.5

 k
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)−1
]

Background × 1/5
Effective Area: ~44 cm2

Exposure Time: ~200 Ms
χ2 = 200.3 (184 dof)
I = (2.83±0.07)×10−4 ph cm−2 s−1

FWHM = 3.46±0.12 keV
E0 = 1809.03±0.06 keV
C0 = (1.95±0.30)×10−6 ph cm−2 s−1 keV−1 (@1792.5 keV)

instrumental	
  bgd	
  *0.2	
  

Cas	
  A	
   Cas	
  A	
  SN2014J	
  SN2014J	
  

26Al	
  Galaxy	
  

24	
  

sky	
  



Roland Diehl Indirect	
  Methods	
  in	
  Nucl.	
  Astroph.,	
  ECT	
  Trento	
  (I),	
  05	
  –	
  09	
  Nov	
  2018	
  

SpaVally-­‐Resolved	
  Spectroscopy	
  

•  Analyze	
  Line	
  Shape	
  and	
  PosiVon	
  for	
  Different	
  DirecVons	
  
¶ GalacVc	
  RotaVon	
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CharacterisVc	
  Energy	
  Spectra	
  of	
  SPI/INTEGRAL	
  Data	
  

~400	
  instrumental	
  background	
  lines	
  
see	
  Diehl	
  et	
  al.	
  A&A	
  2018	
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Ge	
  Detectors	
  in	
  Space	
  Telescopes	
  

	
  Detector	
  Cross	
  SecVon	
  	
  
Electric	
  potenVal	
  
Mechanics	
  
(RHESSI)	
  

27	
  

 Detector of SPI/INTEGRAL  
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Detector	
  degradaVon	
  in	
  SPI	
  
Incident	
  cosmic	
  rays	
  collide	
  
with	
  instrument	
  detector	
  
nuclei	
  to	
  generate	
  excited	
  
daughter	
  nuclei	
  and	
  
radioacVve	
  by	
  products,	
  
and	
  
to	
  also	
  destroy	
  the	
  Ge	
  
detector	
  crystall	
  structure,	
  
hence	
  degrade	
  the	
  charge	
  
collecVon	
  efficiency	
  

28	
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Detector	
  degradaVon	
  and	
  annealings	
  

•  The	
  instrumental	
  lines	
  are	
  Gaussian	
  in	
  ideal	
  cases	
  
•  Degraded	
  charge	
  collecVon	
  leads	
  to	
  a	
  one-­‐sided	
  bias	
  	
  

29	
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Detector	
  degradaVon	
  and	
  annealings	
  

•  	
  	
  

30	
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Ge	
  detector	
  annealing	
  in	
  space	
  

•  SVrling	
  coolers	
  are	
  turned	
  off,	
  HV	
  off	
  
•  Heaters	
  are	
  turned	
  on	
  
•  ~100-­‐200	
  hours	
  at	
  100o	
  C	
  
•  Heaters	
  off,	
  Coolers	
  on	
  	
  
•  à	
  80K	
  operaVon	
  temperature	
  
•  ~2	
  weeks	
  total	
  duraVon	
  

31	
  

SPI	
  Cooling	
  System	
  SPI	
  annealing:	
  temperature	
  tracking	
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26Al	
  in	
  the	
  Inner	
  Galaxy:	
  	
  
Excess	
  Gas	
  VelociVes	
  Seen	
  in	
  26Al	
  	
  

F 	
  Comparison	
  of	
  26Al	
  velociVes	
  to	
  others,	
  e.g.	
  CO	
  
–  solid	
  blue:	
  	
  	
  expected	
  if	
  26Al	
  follows	
  CO	
  densiVes,	
  and	
  a	
  standard	
  rotaVon	
  curve	
  is	
  adopted	
  
–  doced	
  red:	
  	
  same	
  but	
  fracVon	
  of	
  26Al	
  placed	
  in	
  a	
  GalacVc	
  Bar	
  
–  	
  green	
  dashed:	
  two-­‐spiral	
  arm	
  distribuVon	
  of	
  26Al	
  sources,	
  with	
  enhanced	
  densiVes	
  towards	
  inner	
  arm	
  ends	
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•  Superbubbles	
  blown	
  into	
  inter-­‐arm	
  regions	
  	
  

How	
  massive-­‐star	
  ejecta	
  are	
  spread	
  out…	
  

Roland	
  Diehl	
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How	
  gas	
  is	
  recycled…	
  

•  New	
  nuclei	
  are	
  in	
  hot	
  plasma	
  
•  Stars	
  form	
  from	
  cold	
  gas	
  
•  Cooling/mixing	
  may	
  depend	
  on	
  source	
  

(delay,	
  efficiency)	
  	
  

γ-rays à 
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Diffuse	
  60Fe	
  emission	
  is	
  seen	
  from	
  the	
  Galaxy	
  

¶ Clear	
  but	
  faint	
  gamma-­‐ray	
  signal	
  (5σ)	
  
¶ 60Fe/26Al	
  emission	
  raVo	
  ~15%	
  	
  	
  	
  	
  	
  

INTEGRAL/	
  SPI	
  	
  
(Wang	
  et	
  al.	
  ,	
  2007)	
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Nuclear	
  reacVons	
  to	
  produce	
  26Al	
  ,	
  60Fe	
  
•  The	
  Na-­‐Al-­‐Mg	
  cycle:	
  p	
  captures	
  (H	
  burning,	
  +…)	
  	
  

•  Neutron	
  capture	
  on	
  Fe	
  in	
  
massive-­‐star	
  shells	
  	
  

¶ What	
  are	
  the	
  n	
  capture	
  rates?	
  
¶ What	
  are	
  the	
  β	
  decay	
  lifeVmes?	
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RadioacVviVes	
  from	
  massive	
  stars:	
  60Fe,	
  26Al	
  

Massive-­‐Star	
  Interiors	
  
(adapted	
  from	
  	
  Heger)	
  

¶  Hydrosta5c	
  fusion	
  
¶  WR	
  wind	
  release	
  
¶  Late	
  Shell	
  burning	
  
¶  Explosive	
  fusion	
  
¶  Explosive	
  release	
  

37	
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TheoreVcal	
  Yields	
  of	
  26Al	
  and	
  60Fe	
  Sources	
  

¶ Models	
  for	
  massive-­‐star	
  &	
  SN	
  
nucleosynthesis	
  	
  
F Wind	
  ejecVon	
  
F Explosive	
  nucleosynthesis	
  

addiVon	
  and	
  SN	
  ejecVon	
  
–  Assembled	
  by	
  M.	
  Plein5nger	
  2018	
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60Fe	
  in	
  the	
  Current	
  Galaxy’s	
  ISM	
  

•  Observed	
  60Fe/26Al	
  Intensity	
  RaVo	
  ~15%	
  (±4%)	
  	
  	
  	
  

	
  

F 60Fe/56Fe	
  isotope	
  raVo	
  in	
  current	
  ISM	
  =	
  	
  1.5	
  10-­‐7	
  	
  	
  	
  	
  	
  (model:	
  7	
  10-­‐4	
  	
  Sukhbold+2016)	
  
–  using	
  MISM=4.95	
  109	
  M¤	
  and	
  SAD	
  7.5	
  and	
  M26Al=2.25	
  M¤à	
  M60Fe~1.2	
  M¤	
  

Sukhbold+2016	
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Background	
  history	
  

•  	
  	
  

40	
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Background	
  VariaVons	
  

•  Specific	
  lines	
  have	
  	
  
characterisVc	
  variaVons,	
  	
  
in	
  detail	
  different	
  to	
  conVnuum	
  

41	
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Background	
  VariaVons	
  
•  Specific	
  lines	
  have	
  characterisVc	
  variaVons,	
  different	
  to	
  conVnuum	
  

F Illustrated	
  when	
  normalised:	
  

42	
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Background	
  VariaVons	
  

•  AcVvaVon	
  of	
  materials	
  happens:	
  
	
  60Co,	
  48V	
  

43	
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60Fe	
  Analysis	
  SPI	
  

AcVvaVon	
  of	
  materials:	
  	
  60Co	
  

44	
  

x	
  3	
  

60Fe	
  is	
  a	
  very	
  unfortunate	
  coincidence:	
  
SpallaVon	
  reacVons	
  on	
  Ni,	
  Cu,	
  Zn	
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Diffuse	
  60Fe	
  emission	
  is	
  seen	
  from	
  the	
  Galaxy	
  
AND	
  on	
  Earth	
  &	
  Moon	
  

¶ Clear	
  but	
  faint	
  gamma-­‐ray	
  signal	
  (5σ)	
  
¶ 60Fe/26Al	
  emission	
  raVo	
  ~15%	
  	
  	
  	
  	
  	
  

INTEGRAL/	
  SPI	
  	
  
(Wang	
  et	
  al.	
  ,	
  2007)	
  

Knie et al. 2004 
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How	
  60Fe	
  came	
  onto	
  Earth	
  
•  Two	
  local	
  ISM	
  caviVes	
  merge	
  (Local	
  Bubble	
  &	
  Loop-­‐1)	
  
•  SN	
  explosions	
  within	
  LB	
  	
  à	
  ejecta	
  flows	
  reach	
  the	
  Sun	
  

gas	
  density	
  

ejecta	
  density	
  (60Fe)	
  

sun	
  

nearby	
  
stars	
  

Schulreich+	
  2017	
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How	
  60Fe	
  came	
  onto	
  Earth	
  
•  Two	
  local	
  ISM	
  caviVes	
  merge	
  (Local	
  Bubble	
  &	
  Loop-­‐1)	
  
•  SN	
  explosions	
  within	
  LB	
  	
  à	
  ejecta	
  flows	
  reach	
  the	
  Sun	
  

gas	
  density	
  

ejecta	
  density	
  (60Fe)	
  

sun	
  

nearby	
  
stars	
  

Schulreich+	
  2017	
  

Knie et al. 2004 
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Is	
  nearby	
  60Fe	
  accompanied	
  by	
  ‘typical’	
  26Al?	
  

•  Search	
  for	
  26Al	
  	
  
in	
  deep-­‐sea	
  	
  
sediments&crusts	
  

F Large	
  ‘background’	
  from	
  	
  
	
  26Al	
  that	
  is	
  CR-­‐produced	
  
in	
  Earth	
  atmosphere	
  

à Constraints	
  on	
  26Al	
  
	
  	
  	
  	
  	
  	
  inconsistent	
  with	
  
	
  	
  	
  	
  	
  	
  galaxy-­‐wide	
  raVo	
  (0.15)	
  
à Local:	
  60Fe/26Al	
  >	
  0.3	
  

Feige	
  	
  et	
  al.	
  2018	
  



Roland Diehl Indirect	
  Methods	
  in	
  Nucl.	
  Astroph.,	
  ECT	
  Trento	
  (I),	
  05	
  –	
  09	
  Nov	
  2018	
  

The	
  Al	
  Isotope	
  RaVo	
  
•  27Al	
  is	
  enriched	
  with	
  GalacVc	
  EvoluVon	
  
•  26Al	
  decays,	
  so	
  from	
  current	
  nucleosynthesis	
  
•  Early	
  solar	
  system	
  meteorites	
  measure	
  ESS	
  environment	
  
•  Pre-­‐solar	
  grains	
  measure	
  nucleosynthesis	
  in	
  dust-­‐producing	
  sources	
  

¶  ‘canonical’	
  value	
  
for	
  ESS	
  of	
  	
  ~5	
  10-­‐5	
  	
  	
  
(McPhersson+1995)	
  

¶  ‘supra-­‐canonical’	
  
up	
  to	
  6.5	
  10-­‐5	
  ??	
  
	
  (Krot+2012,	
  Makide+	
  2013	
  …)	
  

¶ Consolidated	
  ESS	
  
(5.23±0.13)	
  10-­‐5	
  
(Jacobsen+2013)	
  



Roland Diehl Indirect	
  Methods	
  in	
  Nucl.	
  Astroph.,	
  ECT	
  Trento	
  (I),	
  05	
  –	
  09	
  Nov	
  2018	
  

60Fe	
  in	
  the	
  Early	
  Solar	
  System	
  

Mishra+2013	
  

RISM 

¶ Measurements	
  from	
  Early-­‐Condensated	
  Bodies:	
  
F IniVal	
  60Fe/56Fe	
  raVos	
  uncertain	
  between	
  few	
  10-­‐7	
  and	
  <10-­‐8	
  

–  see	
  also	
  Tang	
  &	
  Dauphas	
  2012;	
  re-­‐inforced	
  by	
  Reto	
  Trappitsch	
  NIC	
  2018:	
  10-­‐8	
  

	
  
¶ Could	
  be	
  ~	
  interstellar	
  average	
  

	
  (R_ISM_ESS,	
  back-­‐evolved	
  from	
  60Fe	
  gamma-­‐rays)	
  

RISM_ESS 
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26Al	
  and	
  60Fe	
  in	
  Cosmic	
  Rays	
  

•  Direct	
  measurement	
  in	
  solar	
  system	
  with	
  ACE	
  

Yanasak	
  et	
  al.	
  2001	
   Binns	
  et	
  al.	
  2016	
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26Al	
  (in	
  molecular	
  component)	
  in	
  a	
  ‘red	
  nova’	
  
•  Aluminium	
  monofluoride	
  (AlF)	
  molecule	
  formaVon	
  	
  

happens	
  under	
  special	
  condiVons	
  (e.g.	
  aner	
  outbursts	
  in	
  binary)	
  
¶ 26AlF	
  line	
  seen	
  from	
  CK	
  Vul	
  	
  (Kamiński	
  et	
  al.	
  2018)	
  
¶ Favorable	
  line	
  signature	
  of	
  26AlF	
  à	
  ALMA	
  observaVons	
  
¶ Dust	
  and	
  molecule	
  formaVon	
  likely	
  in	
  cooling	
  phase	
  aner	
  outburst	
  
¶ Demonstrates	
  existence	
  of	
  26Al	
  in	
  a	
  stellar	
  source;	
  related	
  to	
  outburst	
  ~1640?	
  

F 27Al	
  and	
  26Al	
  
F ALMA,	
  NOEMA	
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•  GETTING	
  THE	
  MOST	
  FOR	
  A	
  POINT	
  SOURCE	
  

¶  (A	
  Nova)	
  

¶ Supernovae	
  
F SN2014J	
  
F Cas	
  A	
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Nucleosynthesis	
  in	
  CC-­‐Supernova	
  Models	
  and	
  44Ti	
  

•  44Ti	
  Produced	
  at	
  r	
  <	
  103	
  km	
  from	
  α-­‐rich	
  Freeze-­‐Out	
  	
  
	
   	
  => Unique	
  Probe	
  	
  (+Ni	
  Isotopes)	
  

ν	
  
ν	
  ν	
  

ν	
  ν	
  
ν	
  ν	
   ν	
  

ν	
  ν	
  ν	
  ν	
  
ν	
   ν	
  
ν	
   ν	
  

ν	
  

ν	
  

Gravita2onal	
  
Core	
  Collapse	
  

Supernova	
  
Shock	
  Wave	
  

Shock	
  Region	
  
Explosive	
  Nucleosynthesis	
  

Proto-­‐Neutron	
  Star	
  
Neutrino	
  Hea2ng	
  

of	
  Shock	
  Region	
  from	
  Inside	
  

Shell-­‐Structured	
  
Evolved	
  Massive	
  Star	
  

Fryer+2008	
  54	
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44Ti	
  γ-­‐rays	
  from	
  Cas	
  A	
  

Ä  	
   44Ti	
  Ejected	
  Mass	
   	
  ~1.23	
  ±0.25	
  10-­‐4	
  M¤	
  

44Ti 

44Ca 

τ =85y, EC 

44Sc 

τ = 5.4 h, β+ 
 

t=85y (Ahmad et al. 2006) 

	
  	
  	
  	
  NuSTAR	
  

44Sc X-rays 44Ca γ-rays 

16th Carpathian 
School of Physics, 
Sinaia (RO), 06 Jul 
2016 

Roland Diehl 
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NuSTAR	
  measurement	
  of	
  44Ti	
  in	
  Cas	
  A	
  

Imaging	
  in	
  hard	
  X-­‐rays	
  (3-­‐79	
  keV)	
  à	
  44Ti	
  lines	
  at	
  68,78	
  keV	
  

F Cas	
  A:	
  first	
  mapping	
  	
  
of	
  radioacVvity	
  in	
  a	
  SNR	
  

	
  
–  Both	
  44Ti	
  lines	
  detected	
  clearly	
  
–  line	
  redshin	
  0.5	
  keV	
  	
  

à	
  2000	
  km/s	
  redshin	
  asymmetry	
  
–  44Ti	
  flux	
  consistent	
  with	
  	
  

earlier	
  measurements	
  
–  	
  Doppler	
  broadening:	
  	
  

(5350	
  ±1610)	
  km	
  s-­‐1	
  

–  Image	
  differs	
  from	
  Fe!!	
  

	
  
	
   Chandra	
  (Fe)	
  vs	
  NuSTAR	
  (44Ti)	
  

Grefenstece	
  et	
  al.	
  2014	
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Where	
  are	
  the	
  44Ti	
  Ejecta	
  in	
  the	
  SNR?	
  	
  

•  	
  	
  
Grefenstette+2017 

57	
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ObservaVons	
  versus	
  Models	
  

•  Cas	
  A	
  44Ti	
  ejecta	
  morphology	
  resembles	
  simulaVon	
  outcomes!	
  
F Wongwatharanat+2017	
  

58	
  



Roland Diehl Indirect	
  Methods	
  in	
  Nucl.	
  Astroph.,	
  ECT	
  Trento	
  (I),	
  05	
  –	
  09	
  Nov	
  2018	
  

INTEGRAL/SPI	
  Re-­‐Analysis	
  of	
  Cas	
  A	
  for	
  44Ti	
  
Using	
  cumulaVve	
  data	
  from	
  >12	
  years,	
  
and	
  a	
  new	
  instrumental-­‐background	
  treatment	
  
78	
  keV	
  and	
  1157	
  keV	
  line,	
  seen	
  with	
  same	
  instrument	
  

	
   	
   	
   	
   	
   	
  	
  

¶ Doppler	
  broadening:	
  4300±1600	
  /	
  2200±1600	
  km	
  s-­‐1	
  (78,	
  1157	
  keV)	
  
¶  44Ti	
  mass	
  =	
  (1.29	
  ±	
  0.15)	
  10-­‐4	
  M¤ (78	
  keV	
  line	
  only)	
  
¶  44Ti	
  mass	
  =	
  (2.72	
  ±	
  0.43)	
  10-­‐4	
  M¤ (1.157	
  MeV	
  line	
  only)	
  
¶  	
  	
  

Siegert et al. (A&A 2015) 
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Core	
  Collapse	
  Supernovae	
  

•  3D	
  effects	
  are	
  crucial	
  	
  (ß	
  44Ti	
  X/gamma	
  rays!)	
  

•  +	
  rare	
  
variants!	
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How	
  we	
  understand	
  supernovae	
  of	
  type	
  Ia	
  

	
  
F 	
  ??	
  

¶ Consensus:	
  	
  
Explosion	
  of	
  a	
  CO	
  WD	
  (C	
  fusion)	
  

¶ Issues:	
  
IgniVon	
  
Flame	
  propagaVon	
  

3D High-resolution 
of flame, 
"reactive flow" sim 

t=1.9 sec 

T
=0

…
4 

G
K
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Close/interacVng	
  	
  
Binary	
  System	
  

White	
  Dwarf	
  	
  
Merge	
  

Binary	
  
Mass	
  Transfer	
  

Nuclear	
  Burning	
  
during	
  accreVon	
  

He	
  Shell	
  
	
  Flash	
  

WD	
  at	
  	
  
MCh	
  

Central	
  
C	
  IgniVon	
  

SN	
  Ia	
  

C/O/H/He	
  	
  
Surface	
  

WD	
   WD	
  

star	
  WD	
  

1	
   2	
  

He	
  
AccreVon	
  
Layer/Belt	
  

WD	
  

DD	
  	
  	
  	
   SD	
  

Nuclear	
  Burning	
  
during	
  collision	
  

AccreVon	
  of	
  
less-­‐massive	
  

	
  WD	
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56Ni	
  ρadioacVvity	
  à	
  γ-­‐Rays,	
  e+	
  	
  à	
  leakage/deposit	
  

F 	
  	
  

F Nuclear	
  BE	
  release	
  0.6M¤	
  C,Oà56Ni:	
  ~1.1	
  1051	
  erg	
  (>2*BEWD)	
  

56Ni 

56Fe 

 e--capture (98%) 

 γ 750 keV (50%) 

τ =8.8 d 

56Co 

  γ  847 keV (100%) 

τ = 111.3 d 

γ 812 keV (86%) 

0+ 

1+ 

2+ 

4+ 

2+ 

0+ 

4+  

   γ   1238 keV (68%)  

e- - capture (81%) 
γ 158 keV (100%) 

3+ 

0+ 
   γ   270+480 keV 
       (36%) 

3,4+  
β+  - decay 
(19%,E~0.6MeV) 

 γ’s   3.253(8%),2.598(17%), 
          1.038(14%), 
           1.4,1.771(16%)  MeV   
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opVcal	
  

SN	
  Ia	
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SN2014J:	
  Early	
  56Ni	
  

•  Spectra	
  from	
  the	
  SN	
  posiVon	
  
¶ Clear	
  detecVons	
  of	
  the	
  two	
  strongest	
  lines	
  expected	
  from	
  56Ni	
  

with	
  the	
  INTEGRAL	
  Spectrometer	
  ‘SPI’	
  

¶  IntensiVes:	
  
	
   	
  	
  (1.14	
  ±0.43)	
  10-­‐4	
  ph	
  cm-­‐2	
  s-­‐1	
  (158	
  keV	
  line)	
  	
  
and 	
  	
  (1.91	
  ±0.67)	
  10-­‐4	
  ph	
  cm-­‐2	
  s-­‐1	
  (812	
  keV	
  line)	
  

¶ 56Ni	
  mass	
  esVmate	
  (backscaled	
  to	
  explosion):	
  ~0.06	
  M¤	
  	
  

3.9 σ 3.1 σ 

158	
  keV	
   812	
  keV	
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SN2014J:	
  An	
  unusual	
  (triggered)	
  explosion?	
  
Possible scenario: 

A belt of He accreted from the companion star à initial He explosion, 
 triggering the SNIa explosion of the CO white dwarf (M<Mch) 

64	
  
Diehl+ Science (2014) 

orbital	
  plane	
  
with	
  mass	
  donor	
  
companion	
  star	
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Line	
  UncertainVes:	
  Search	
  and	
  method	
  biases	
  

•  Random	
  Search:	
  Fit	
  a	
  Line	
  with	
  
(Centroid,Intensity,	
  Width),	
  
à	
  significances	
  (color)	
  

158	
  keV	
  

F Narrow	
  line,	
  ~unshined	
  
as	
  most-­‐likely	
  soluVon	
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SN2014J:	
  Early	
  56Ni	
  (τ~8.8d)	
  

…	
  and	
  also	
  an	
  underlying	
  broad	
  line	
  from	
  early	
  56Ni?	
  
¶ DetecVon	
  of	
  	
  

~158	
  keV	
  emission	
  
also	
  in	
  broad-­‐bin	
  
analysis	
  

	
  
	
  

¶ An	
  underlying	
  
	
  broad,	
  red-­‐shined	
  
line	
  as	
  well??	
  

¶ 56Ni	
  mass	
  esVmate	
  (backscaled	
  to	
  explosion):	
  ~0.08	
  M¤	
  	
  

Isern et al., A&A (2016) 
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  847	
  keV	
  56Co	
  line	
  
¶ smooth(??)	
  	
  

brightness	
  
	
  evoluVon?	
  

à Compare	
  	
  
	
  	
  	
  	
  	
  high/low	
  res	
  data	
  
	
  	
  	
  	
  	
  to	
  models	
  

¶ 56Ni	
  mass:	
  0.49	
  +/-­‐0.09	
  M¤ �

 (cmp	
  from	
  bol.	
  Light	
  à	
   	
  0.42	
  +/-­‐0.05	
  M¤ �

   from	
  models	
  	
  	
  	
  	
  	
  à	
   	
  0.5	
  	
  	
  	
  +/-­‐0.3	
  	
  M¤	
  
F Diehl	
  et	
  al.,	
  A&A	
  2015	
  

W7	
  SD	
  delDet	
  
WD-­‐WD	
  merger	
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  
¶ Doppler	
  broadened	
  ✓	
  

¶ Split	
  into	
  4	
  Vme	
  bins	
  
¶ Coarse	
  &	
  fine	
  spectral	
  	
  

binning	
  
à	
  Observe	
  a	
  structured	
  and	
  
	
  	
  	
  	
  	
  evolving	
  spectrum	
  
	
  –	
  expected:	
  	
  
	
  	
  	
  	
  gradual	
  appearance	
  	
  
	
  	
  	
  	
  of	
  	
  broadened	
  56Co	
  lines	
  

F Diehl	
  et	
  al.,	
  A&A	
  (2015)	
  
¶ How	
  an	
  envelope	
  becomes	
  	
  

transparent	
  aFer	
  an	
  explosion	
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Light	
  from	
  Explosions	
  
•  RadiaVon	
  Transport:	
  

~MeV	
   eV	
  

~MeV	
  

~MeV	
  

radioac5ve	
  

stable	
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DeposiVon	
  of	
  RadioacVvity	
  in	
  SNIa	
  

•  RadiaVon	
  transport:	
  
F Primary	
  gamma-­‐rays	
  and	
  positrons	
  à	
  UVOIR	
  Light	
  Curve	
  

–  example:	
  DD/merger;	
  Taubenberger	
  et	
  al.	
  2013	
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Post-­‐merger	
  dynamics	
  

	
  disrupVon	
  of	
  less-­‐massive	
  neutron	
  star	
  à	
  ejecVon,	
  nuclear	
  reacVons	
  

Fernández	
  &	
  Metzger	
  2016	
  
from	
  Rezolla+	
  2011,	
  and	
  
Fouchart+	
  2014	
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Emission	
  from	
  a	
  neutron	
  star	
  merger	
  
•  RadioacVvity	
  deposits	
  energy	
  in	
  ejecta	
  components	
  
•  Gamma	
  rays	
  leak	
  out	
  

EvoluVon	
  of	
  low-­‐energy	
  emission	
  (IR)	
  

Gamma-­‐ray	
  emission	
  
as	
  lightcurve	
  peaks	
  later	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Energy	
  spectrum	
  

à	
  EvoluVon	
  of	
  	
  
high	
  &	
  low-­‐energy	
  emission	
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γ-­‐ray	
  line	
  measurements	
  of	
  GW170817?	
  
	
  

Savchenko	
  et	
  al.	
  2017	
  

Li+	
  2018	
  

SPI	
  

Hotokezaka+	
  2016	
  

GW170817	
  is	
  too	
  distant!	
  
	
  
INTEGRAL 	
   	
   	
   	
  other	
  instruments	
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“MulV	
  Messenger	
  Astrophysics”	
  

Messenger	
  Variety	
  
•  	
  ν’s	
  
•  Cosmic	
  rays	
  
•  Starlight,	
  atomic	
  spectra	
  
•  Seismology	
  
•  Radio-­‐isotope	
  γ	
  rays	
  
•  Emission/absorpVon	
  ISM	
  atoms	
  
•  Ocean	
  crust,	
  lunar	
  material	
  
•  Meteorites,	
  stardust	
  
•  GravitaVonal	
  waves	
  
•  γ	
  rays	
  from	
  GRBs	
  
•  …	
  

Astrophysics	
  Puzzles	
  
•  AcceleraVon	
  of	
  relaVvisVc	
  parVcles	
  
•  PropagaVon	
  of	
  macer	
  (&	
  others),	
  	
  

over	
  cosmic	
  scales,	
  and	
  
over	
  local	
  scales	
  (à	
  solar	
  system)	
  

•  Nuclear	
  enrichment	
  of	
  cosmic	
  gas	
  
•  Structure	
  of	
  stars	
  
•  Cosmic	
  explosion	
  physics,	
  

and	
  their	
  cosmic	
  impacts	
  
•  Extremes	
  of	
  macer,	
  

compact	
  stars,	
  …	
  

ν	
  
ν	
  ν	
  

ν	
  ν	
  

ν	
  ν	
  
ν	
  

ν	
  ν	
  ν	
  ν	
  
ν	
  

ν	
  
ν	
   ν	
  

ν	
  

ν	
  

Gravita2onal	
  
Core	
  Collapse	
  

Supernova	
  
Shock	
  Wave	
  

Shock	
  Region	
  
Explosive	
  Nucleosynthesis	
  

Proto-­‐Neutron	
  Star	
  
Neutrino	
  Hea2ng	
  

of	
  Shock	
  Region	
  from	
  Inside	
  

Shell-­‐Structured	
  
Evolved	
  Massive	
  Star	
  

Knie et al. 2004 
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Nuclear	
  Gamma-­‐Ray	
  Line	
  Science	
  Results	
  

	
  RadioacVve	
  trace	
  isotopes	
  are	
  by-­‐products	
  of	
  	
  nucleosynthesis	
  	
  
	
  For	
  gamma-­‐ray	
  detecVons	
  we	
  need:	
  

F Decay	
  Time	
  >	
  Source	
  DiluVon	
  Time	
  (~weeks)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (à	
  no	
  <	
  days	
  lifeVmes)	
  
F Yields	
  >	
  Instrumental	
  SensiVviVes	
  (10-­‐5	
  ph	
  cm-­‐2	
  s-­‐1)	
  	
  	
  	
  (à	
  no	
  elements	
  >	
  Fe)	
  

Isotope' Mean'
Lifetime'

Decay'Chain' γ '4Ray'Energy'(keV)'

7Be$ $$77$d$ 7Be$→$7Li*$ 478$
56Ni$ 111$d$ 56Ni$→$56Co*$→56Fe*+e+$ 158,$812;$847,$1238$

57Ni$ 390$d$ 57Co→$57Fe*$ 122$
22Na$ 3.8$y$ 22Na$→$22Ne*$+$e+$ $$$$$$$$$$$$$1275$
44Ti$ 85$y$ 44Ti→44Sc*→44Ca*+e+$ 78,$68;$1157$
26Al$ 1.04$106y$ 26Al$→$26Mg*$+$e+$ 1809$
60Fe$ 3.8$106y$ 60Fe$→$60Co*$→$60Ni*$ 59,$1173,$1332$

e+$ ….$105y$ e++eD$→$Ps$$→$γγ..$ 511,$<511$
$

individual	
  
object/event	
  

cumulaVve	
  
from	
  many	
  
events	
  1795 1800 1805 1810 1815 1820

−2

0

2

4

1795 1800 1805 1810 1815 1820
Energy [keV]

−2

0

2

4

Fl
ux

 [1
0−

5  p
h 

cm
−2

 s
−1

 (1
.5

 k
eV

)−1
]

χ2 = 39.11 (45 dof)

Detection significance: 3.3σ (LR−test)

I = (3.65±1.19)×10−5 ph cm−2 s−1

E0 = 1809.16±0.47 keV

FWHM = 3.20 (−0.03/+0.43) keV

C0 = (0.02±0.77)×10−6 ph cm−2 s−1 keV−1

60Fe	
  dete
cVon	
  

	
  (RHESS
I,	
  INTEG

RAL)	
  

44Ti	
  Cas	
  A
,	
  SN87A

	
  	
  

(NuSTA
R,	
  INTE

GRAL)	
  

e+	
  Anni
hilaVon

	
  	
  

	
  (INTEG
RAL)	
  

26Al	
  spec
tra	
  (reg

ional)	
  

	
  (INTEG
RAL)	
  

56Ni	
  &	
  
56Co	
  det

ecVon
	
  	
  

SN201
4J	
  (INT

EGRAL
)	
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Cosmic	
  Gamma	
  Rays:	
  	
  Summary	
  
¶ γ-­‐rays	
  provide	
  a	
  unique	
  /	
  different	
  view	
  

F Yield	
  constraints	
  for	
  SNe	
  and	
  Novae,	
  	
  Independent	
  	
  
	
  	
  of	
  complexity	
  from	
  unfolding	
  of	
  the	
  explosion	
  	
  

F RadioacVvity	
  traces	
  diluted	
  ejecta	
  at	
  late	
  phases	
  
F Nuclear	
  de-­‐excitaVon	
  traces	
  CRs,	
  and	
  ionised	
  gas	
  

¶ SNIa	
  56Ni	
  and	
  how	
  the	
  explosion	
  generates	
  SN	
  light	
  
F SN2014J	
  reveals	
  its	
  56Ni,56Co	
  irregularly	
  à	
  3D	
  effects?	
  	
  

¶ ccSupernova	
  44Ti	
  demonstrates	
  SN	
  asymmetries	
  
F Only	
  Some	
  SN	
  Eject	
  44Ti,	
  but	
  then	
  much,	
  and	
  clumpy	
  

¶ Massive-­‐star	
  shell	
  structure	
  &	
  evoluVon	
  tests:	
  26Al,	
  60Fe	
  
F 26Al	
  as	
  a	
  tool:	
  understand	
  groups	
  of	
  massive	
  stars	
  (Mys)	
  
F How	
  much	
  60Fe	
  from	
  n	
  captures	
  in	
  C	
  and	
  He	
  shells?	
  

¶  ISM	
  in	
  the	
  Galaxy:	
  Role	
  of	
  superbubbles;	
  e+	
  sources	
  
F 26Al	
  spreads	
  into	
  large	
  (super)bubbles	
  
F 	
  e+	
  sources	
  are	
  a	
  variety	
  &	
  puzzle;	
  incl	
  μQSOs	
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PerspecVves:	
  New/becer	
  observaVons?	
  
•  We	
  can	
  do	
  now	
  >one	
  o.o.m.	
  becer	
  now	
  

¶ Compton	
  Telescope	
  most	
  promising	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  eAstrogam	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ETCC	
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But:	
  
Not	
  before	
  >10	
  years	
  
Not	
  for	
  narrow	
  lines	
  
…	
  
à	
  Maintain	
  	
  
	
  	
  	
  	
  	
  INTEGRAL/SPI	
  	
  !!	
  

Galloway+2017	
  

Tanimori+2015	
  
DeAngelis+2017,	
  2018	
  


